The cystic fibrosis transmembrane conductance regulator (CFTR) mutation DF508CFTR still causes regulatory defects when rescued to the apical membrane, suggesting that the intracellular milieu might affect its ability to respond to cAMP regulation. We recently reported that overexpression of the Na + /H + exchanger regulatory factor NHERF1 in the cystic fibrosis (CF) airway cell line CFBE41o-rescues the functional expression of DF508CFTR by promoting F-actin organization and formation of the NHERF1-ezrin-actin complex. Here, using real-time FRET reporters of both PKA activity and cAMP levels, we find that lack of an organized subcortical cytoskeleton in CFBE41o-cells causes both defective accumulation of cAMP in the subcortical compartment and excessive cytosolic accumulation of cAMP. This results in reduced subcortical levels and increased cytosolic levels of PKA activity. NHERF1 overexpression in CFBE41o-cells restores chloride secretion, subcortical cAMP compartmentalization and local PKA activity, indicating that regulation of DF508CFTR function requires not only stable expression of the mutant CFTR at the cell surface but also depends on both generation of local cAMP signals of adequate amplitude and activation of PKA in proximity of its target. Moreover, we found that the knockdown of wild-type CFTR in the non-CF 16HBE14o-cells results in both altered cytoskeletal organization and loss of cAMP compartmentalization, whereas stable overexpression of wt CFTR in CF cells restores cytoskeleton organization and reestablishes the compartmentalization of cAMP at the plasma membrane. This suggests that the presence of CFTR on the plasma membrane influences the cytoskeletal organizational state and, consequently, cAMP distribution. Our data show that a sufficiently high concentration of cAMP in the subcortical compartment is required to achieve PKA-mediated regulation of CFTR activity.
Introduction
The cystic fibrosis transmembrane conductance regulator (CFTR) protein is responsible for regulated chloride conductance in airway and intestinal epithelia and in exocrine glands (Bear et al., 1992; Quinton, 1983; Riordan, 1993) . In addition to transepithelial chloride transport, CFTR plays a crucial role in fluid homeostasis and influences a large number of cell functions, including the transport of other electrolytes (reviewed by Li and Naren, 2010) . The key pathway regulating CFTR activity involves elevation of cAMP and activation of protein kinase A (PKA) (Gadsby and Nairn, 1999) , where PKA-mediated phosphorylation of CFTR opens the anion permeation pathway in the channel and allows efflux of Cl -ions (Cheng et al., 1991) . Cystic fibrosis (CF) is caused by mutations in the CFTR gene. Deletion of phenylalanine in position 508 of the CFTR (DF508) is the most common disease-associated mutation and results in the synthesis of an improperly folded CFTR. Although being partially functional and responsive to cAMP and PKA regulation, DF508CFTR is unable to reach the cell membrane and undergoes endoplasmic reticulum (ER)-associated degradation (Gelman et al., 2002; Ward and Kopito, 1994; Ward et al., 1995) . This results in severely reduced or absent CFTR at the cell surface and defective cAMP-dependent Cl -conductance in affected tissues. Expression of DF508CFTR at the cell surface can be partially rescued either by lowering the temperature (Denning et al., 1992; Bear et al., 1992) or by using small 'corrector' molecules that act as chemical chaperones by releasing the mutated protein from ER-mediated degradation (Brown et al., 1996; Zeitlin, 2000) . Large-scale screenings have been undertaken to identify rescue agents that could restore correct processing of the mutant CFTR and could thus be used as therapeutics (Pedemonte et al., 2005; Sloane and Rowe, 2010) . However, the rescued DF508CFTR, despite localization to the plasma membrane, exhibits persistent regulatory defects, including reduced channel gating (AlNakkash and Hwang, 1999; Hwang et al., 1997) . By contrast, studies using the isolated protein in cell-free systems have indicated that DF508CFTR retains normal PKA-dependent regulation and activity relative to wild-type (wt) CFTR (Li et al., 1993) . Altogether, these data suggest that, rather than the mutation itself, the intracellular milieu plays an important role in determining the ability of DF508CFTR to respond to cAMP regulation. Understanding the mechanisms involved in this regulation is critical for overcoming defective channel gating of misfolded DF508CFTR, and has important implications for selection of appropriate pre-clinical models for drug discovery.
It is now well documented that receptors, ion channels or transporters, signaling intermediates and their effectors are compartmentalized into regulatory complexes in epithelial cells, and that such compartmentalization increases the specificity and the efficiency of signaling (Huang et al., 2001) . A growing body of evidence supports the view that CFTR membrane expression and activity depend on a high level of organization of cytoskeletal F-actin (Cantiello, 2001; Ganeshan et al., 2007; Haggie et al., 2004; Okiyoneda and Lukacs, 2007) . In airway epithelial cells, it has been demonstrated that CFTR regulation depends on the organization of a multiprotein complex involving F-actin and the scaffolding proteins NHERF1 and ezrin (Sun et al., 2000b) . This multiprotein complex is important for maintaining CFTR in highly restricted domains at the plasma membrane (Jin et al., 2007) . In addition, this complex plays a key role in the control of CFTR function because ezrin, an A-kinaseanchoring protein, tethers PKA in the vicinity of CFTR, allowing cAMP-dependent control of Cl -efflux (Moyer et al., 2000; Short et al., 1998; Sun et al., 2000a) .
We have shown that overexpression of NHERF1 can rescue CFTR functional expression in CFBE41o-cells, a human CF airway epithelial cell line homozygous for the DF508CFTR mutation, by promoting F-actin organization through the formation of the NHERF1-ezrin-actin complex . The complex tethers DF508CFTR to the actin cytoskeleton, stabilizing the mutant CFTR on the apical membrane and delaying its internalization (Favia et al., 2010) . As a consequence, cAMP-mediated control of Cl -efflux is restored . In those studies, however, the contribution of PKA anchored to the sub-plasma-membrane compartment in rescuing functional control of the mutant CFTR had not been assessed.
Here, using real-time FRET reporters of PKA activity and of cAMP levels, we investigate the role of compartmentalized PKA and cAMP in the regulation of CFTR Cl -efflux. We find that the lack of an organized subcortical cytoskeleton in CFBE41o-cells results in defective accumulation of cAMP in the sub-plasmamembrane compartment and excessive accumulation of the second messenger in the cytosol and, consequently, increased PKA activity. Overexpression of wt CFTR in CFBE41o-cells restores both cytoskeletal organization and compartmentalization of cAMP and PKA. These findings uncover a novel mechanism whereby cells expressing DF508CFTR might be unable to effectively transduce signals in vivo as a consequence of inadequate subcortical cAMP accumulation and local PKA activation.
Results
Anchoring of PKA to AKAPs is required for NHERF1-mediated rescue of DF508CFTR activity CFBE41o-cells (CFBE, expressing DF508CFTR), CFBE cells overexpressing NHERF1 (CFBE/sNHERF1) and 16HBE14o-cells (HBE, expressing wild-type CFTR), were treated with 10 mM forskolin (Frsk), a membrane-permeable adenylyl cyclase activator, and 100 mM IBMX, a non-selective phosphodiesterase inhibitor, to increase intracellular cAMP levels. In agreement with previous findings , CFBE cells were unable to respond to cAMP with an increase in Cl -efflux, a defect that was rescued by overexpression of NHERF1 (Fig. 1 , control conditions). To assess whether anchorage of PKA to ezrin is involved in the observed NHERF1-dependent recovery of Cl 2 efflux we measured CFTR activity in CFBE/sNHERF1 cells pretreated with 100 mM s-Ht31, a membrane-permeable peptide that disrupts the interaction between PKA regulatory subunits and Akinase anchor proteins (AKAPs) (Klussmann et al., 1999) . As shown in Fig. 1 , and in agreement with previous findings , disruption of the PKA-AKAP interaction dramatically reduced the ability of wt CFTR to respond to cAMP modulation in HBE cells. In addition, treatment with the anchoring inhibitor s-Ht31 was sufficient to completely ablate the Cl 2 efflux recovery mediated by NHERF1 overexpression in CFBE/sNHERF1 cells, indicating that anchoring of PKA to AKAPs is critical for cAMP modulation of CFTR activity and that PKA anchoring is required for the rescuing effect exerted by overexpression of NHERF1.
NHERF1 overexpression re-establishes subcortical PKA localization in CFBE cells NHERF1 interacts with the AKAP ezrin and, by doing so, promotes subcortical cytoskeletal organization (Favia et al., 2010; Mohler et al., 1999) . We therefore hypothesized that the rescuing effect of NHERF1 overexpression on CFTR-dependent Cl 2 efflux might involve recruitment of PKA at the sub-plasmamembrane region by the interaction of PKA regulatory subunits with ezrin. Confocal analysis of the distribution of the PKA RIIb subunit, performed in polarized cell monolayers co-stained with TRITC-conjugated wheatgerm agglutinin (WGA-TRITC) to visualize the plasma membrane, showed that overexpression of NHERF1 in CFBE cells results in a relocalization of the PKA RIIb subunit to the subapical membrane region, as shown by an increase in colocalization with WGA ( Fig. 2A) , a pattern that was very similar to that observed in HBE cell monolayers ( Fig. 2A) . It is interesting to note that when we analyzed both the level of PKA RIIb expression in total lysates (see supplementary material Fig. S1 ) and PKA RIIb distribution in the membrane, cytosolic and cytoskeletal fractions of the three cell lines (Fig. 2B) , we found that NHERF1 overexpression in CFBE cells, although it did not alter total PKA expression, increased the Fig. 1 . s-Ht31 abolishes CFTR-dependent chloride efflux in HBE and CFBE/sNHERF1 cell monolayers. Measurements of CFTR-dependent Cl -efflux (expressed as the DF/F 0 ratio) in HBE, CFBE and CFBE/sNHERF1 polarized monolayers, pre-incubated with s-Ht31 (Ht31) peptide (100 mM) for 45 minutes. Data are means ± s.e. ***P,0.001; **P,0.01. amount of RIIb recovered in the membrane fraction at the expense of the cytosolic fraction. Moreover, in line with confocal results, the analysis of PKA RIIb distribution showed that, contrary to the localization in HBE and CFBE/sNHERF1 cells, in CFBE cells PKA RIIb was significantly more concentrated in the cytosolic fraction than in the other fractions (Fig. 2B) . These findings altogether indicate that the previously observed NHERF1-dependent cytoskeletal organization, through interaction with ezrin and F-actin, results not only in stabilization of DF508CFTR at the plasma membrane (Favia et al., 2010) , but also in a large fraction of PKA to be restored in the subcortical compartment of CFBE/sNHERF1 cells.
CFBE cells show altered localization of PKA activity
To assess whether this subcortical PKA activity is involved in the ability of overexpressed NHERF1 to rescue cAMP-dependent control of Cl -efflux in CFBE/sNHERF1 cells, we used real-time imaging and the PKA-activity reporter (Allen and Zhang, 2006) , a FRET-based indicator that is targeted to the plasma membrane and measures PKA-mediated phosphorylation. When expressed in HBE, CFBE and CFBE/sNHERF1 cells, mpAKAR3 showed the expected localization at the plasma membrane (Fig. 3A) . Cells expressing mpAKAR3 were treated with 40 mM Frsk and 100 mM IBMX, and PKA activity was measured over time as FRET change (an increase of the FRET emission ratio 545 nm/480 nm) induced by PKA-mediated phosphorylation of mpAKAR3. As shown in Fig. 3B -D, significantly higher PKA-mediated phosphorylation activity was detected at the plasma membrane of CFBE/sNHERF1 cells compared with CFBE cells, suggesting that overexpression of NHERF1 in CFBE cells re-establishes a level of sub-plasmamembrane PKA activity similar to that observed in HBE cells. To assess whether loss of subcortical PKA activity in CFBE cells associates with an increase in cytosolic PKA activity we used AKAR3, an untargeted, cytosolic version of the PKA activity FRET reporter (Fig. 3E) . Indeed, when PKA activity was measured in the bulk cytosol of HBE, CFBE and CFBE/ sNHERF1 cells expressing AKAR3 and treated with 40 mM Frsk and 100 mM IBMX, we found that PKA-mediated phosphorylation was significantly higher in the cytosol of CFBE cells than in the cytosol of CFBE/sNHERF1 and HBE cells ( Fig. 3F-H) . Overall, the above data indicate that cAMP-dependent regulation of CFTR activity relies on a subset of PKA localized in the subcortical compartment. The altered subcortical cytoskeleton previously observed in CFBE cells expressing the mutant DF508CFTR (Favia et al., 2010) , results in depletion of the subcortical PKA pool and, consequently, in blunted local PKA-dependent regulation of CFTR. NHERF1 overexpression, by restoring subcortical localization of PKA activity, rescues Cl -efflux regulation.
CFBE cells show altered cAMP compartmentalization that is rescued by overexpression of NHERF1
A possible explanation for the larger bulk cytosolic PKA activity detected in CFBE cells compared with CFBE/sNHERF1 and HBE cells, in spite of an equal or lower total PKA content (supplementary material Fig. S1 ), is that in CFBE cells cytosolic PKA is exposed to a higher concentration of cAMP than cytosolic PKA in CFBE/sNHERF1 and HBE cells. To assess this, we measured cAMP changes in cells expressing H30 (Ponsioen et al., 2004) , a cytosolic FRET-based reporter for cAMP levels ( . Interestingly, when we measured the cAMP response generated by 1 mM Frsk in the sub-plasma-membrane compartment by using a membrane-targeted version of H30 (mpH30) (Terrin et al., 2006) (Fig. 4D ), we found that the subcortical cAMP response was significantly lower in CFBE cells than in CFBE/sNHERF1 and HBE cells ( CFBE/sNHERF1 and HBE cells, CFBE cells appeared to accumulate a larger amount of cAMP in the bulk cytosol at the expense of the cAMP content in the sub-plasma-membrane compartment, in keeping with the observed difference in PKA activity (Fig. 3) . It is important to note that again overexpression of NHERF1 in CFBE cells re-established the cAMP gradient observed in HBE cells, with a larger cAMP increase detected in the subcortical compartment compared with the bulk cytosol (Fig. 4F ).
The altered cAMP compartmentalization in CFBE cells does not require PDE activity
It has been previously reported that spatial control of cAMP signals relies on the activity of phosphodiesterases (PDEs). PDEs are the only enzymes that degrade cAMP and, doing so, they contribute to intracellular compartmentalization of cAMP (Barnes et al., 2005; Houslay et al., 2005) . To assess whether the different levels of cAMP in the subcortical and cytosolic compartments observed in the three cell lines depend on differences in local PDE activity, HBE, CFBE and CFBE/ sNHERF1 cells expressing either H30 or mpH30 were treated with 1 mM Frsk and 100 mM of the PDE inhibitor IBMX. Unfortunately, the amount of cAMP generated in these conditions resulted in probe saturation in both the subcortical and cytosolic compartment (supplementary material Fig. S3 ), thus preventing any conclusion on the contribution of PDEs in the observed differential compartmentalization of cAMP.
To overcome this limitation, we used a different cAMP FRET reporter (Zaccolo et al., 2000) expressed in both a cytosolic (cRII-ycat) and a plasma membrane-targeted (mpcRII-ycat) format (Fig. 5A,D) . Using cRII-ycat and mpcRII-ycat we were able to measure non-saturated cAMP responses in the bulk cytosol and in the subcortical compartment respectively, upon treatment with 40 mM Frsk and 100 mM IBMX (Fig. 5B ,C,E,F and supplementary material Fig. S4 ). The results clearly show that inhibition of PDEs does not affect the observed compartmentalization of cAMP and, when compared with HBE cells and CFBE/sNHERF1 cells, a much larger amount of cAMP still accumulates in the bulk cytosol of CFBE cells at the expense of the cAMP content in the sub-plasma-membrane compartment.
Spatial control of cAMP requires an intact subcortical cytoskeleton
A possible explanation for the observed differences in the compartmentalization of cAMP in HBE and CFBE cells is that the well-organized subcortical cytoskeleton present in HBE cells might act as a physical barrier to cAMP diffusion and contribute to the accumulation of cAMP in the sub-plasma-membrane compartment, whereas the observed disorganized cytoskeletal structure in CFBE cells (Favia et al., 2010 ) allows cAMP to diffuse away from the site of synthesis at the plasma membrane and to accumulate in the cytosol. Based on this model, overexpression of NHERF1 in CFBE cells, by re-establishing cortical actin cytoskeletal organization, would restore the diffusional barrier and therefore the correct cAMP gradient. In keeping with this hypothesis, the content of polymerized actin (Factin) measured in HBE and CFBE/sNHERF1 cells was significantly higher than that found in CFBE cells, and treatment with the F-actin-depolymerizing agent Latrunculin B (10 mM) reduced both F-actin assembly (Fig. 6A) and cAMPand PKA-dependent chloride efflux (Fig. 6B ) in HBE and CFBE/ sNHERF1 cells, while having no effect in CFBE cells. This confirms that F-actin assembly plays a positive role in regulating the functional expression of CFTR-dependent chloride secretion. To further test whether a subcortical cytoskeletal barrier is responsible for the observed compartmentalization of cAMP, we measured the cAMP response in the bulk cytosol and at the plasma membrane of HBE, CFBE and CFBE/sNHERF1 cells in the absence and in the presence of Latrunculin B. As shown in Fig. 7A , F-actin depolymerization promoted cAMP accumulation in the cytosol at the expenses of subcortical cAMP both in HBE and CFBE/sNHERF1 cells in response to 1 mM Frsk, but had no effect on cAMP levels in either compartment in CFBE cells. Similar results were obtained when the cAMP response to 40 mM Frsk was measured in the presence of 100 mM IBMX (Fig. 7B) , confirming that PDE activity is not critical in establishing the boundaries between the subcortical and cytosolic compartments in these cells. In further support of this hypothesis, Latrunculin B significantly increased PKA-mediated phosphorylation, as shown by detection of AKAR3 in the cytosol of both CFBE/sNHERF1 and HBE cells, whereas Latrunculin B was ineffective in CFBE cells (Fig. 7C) .
CFTR expression at the plasma membrane is required for cytoskeletal organization and cAMP compartmentalization
To assess whether the altered compartmentalization of cAMP and PKA activity observed in CFBE cells is a peculiarity of this cell line or rather might have a more general relevance in the physiopathology of cystic fibrosis, we genetically ablated CFTR expression in HBE cells using a small interfering RNA (siRNA) approach. After pre-incubation of HBE cells with CFTR specific siRNA (HBE/siCFTR) for 72 hours, the expression of apical CFTR as well as the CFTR-dependent chloride efflux was abolished (Fig. 8A,B) . In addition, analysis of F-actin organization by confocal microscopy (Fig. 8A) showed a loss of cortical actin filaments in HBE cells treated with CFTR siRNA compared with levels in HBE cells transfected with a nonsilencing control siRNA sequence. (supplementary material Fig.  S5 ). When the cAMP response to Frsk (1 mM) was measured in either the cytoplasmic or in the sub-plasma-membrane compartments of HBE cells treated with CFTR siRNA (Fig. 8C) , we found that CFTR knockdown reversed the cAMP distribution previously observed in HBE cells (compare Fig. 8C with Fig. 4C ). However, stable overexpression of wt CFTR in CFBE cells rescued (1) the cortical actin cytoskeletal organization (Fig 8D) , (2) the apical CFTR expression (Fig 8D) , and (3) the CFTR-dependent chloride secretion (Fig. 8E) .
Importantly, it also re-established the compartmentalization of cAMP at the plasma membrane (Fig. 8F) .
Altogether, these data demonstrate that both the cytoskeleton organization and the intracellular distribution of cAMP and PKA are dependent on the formation of the multi-protein complex CFTR-NHERF1-ezrin-actin, which is driven by the expression of wt CFTR on the apical membrane.
Discussion
It is well established that the DF508 mutation does not simply result in altered trafficking and stability of CFTR but also associates with an activity deficit in intact cells. A number of biochemical and electrophysiological studies have clearly shown that DF508CFTR rescued at the plasma membrane by a number of different methods, including growth at low temperature (Denning et al., 1992) and treatment with chemical chaperons or inhibitors of protein degradation, still exhibits additional defects that limit ion transport, including reduced channel gating (Al-Nakkash and Hwang, 1999; Hwang et al., 1997; Wang et al., 1998) . However, studies in cell-free systems and on isolated protein have shown that DF508CFTR retains normal PKAdependent regulation and activity relative to wt CFTR (Li et al., 1993) . Such a discrepancy suggests that factors related to the intracellular environment might influence the regulation of DF508CFTR.
Interaction of NHERF1 with the C-terminus PDZ target domain of CFTR has been proposed to have a central role both in the trafficking of CFTR and its stabilization at the apical membrane of airway epithelial cells (Moyer et al., 2000; Short et al., 1998) . In addition, the interaction between NHERF1, ezrin and PKA has been hypothesized to be essential not only for anchoring CFTR to the cytoskeleton (Short et al., 1998 ) and for stabilizing it at the cell surface (Swiatecka-Urban et al., 2002) , but also for regulating CFTR activity (Liedtke et al., 2002; Sun et al., 2000a) . In previous studies, we and others (Bossard et al., 2007) have shown that overexpression of NHERF1 induces a significant redistribution of the DF508 mutant from the cytoplasm to the cell surface and rescues its PKA-dependent activity in a number of cell types. A mechanism involving binding of NHERF1 to ezrin and Rho-kinase-mediated tethering of CFTR to the actin cytoskeleton appears to be involved in this process (Favia et al., 2010) . Here we extend these findings and show that overexpression of NHERF1 in CFBE cells restores the localization of PKA to the sub-plasma-membrane compartment and that such localization is required for PKAmediated regulation of Cl -efflux. In addition, we show that, by promoting cytoskeleton organization, NHERF1 overexpression ensures that a barrier to cAMP diffusion is reconstituted in the subcortical compartment of CFBE cells, which allows appropriate local accumulation of cAMP. These findings are compatible with a model in which effective regulation of DF508CFTR activity not only requires stable expression of the mutant CFTR at the cell surface, but also depends on the generation of a cAMP signal of adequate amplitude, as well as on a sufficient amount of the effector PKA being localized close to its target. In agreement with this hypothesis, we also observed that disaggregation of the cytoskeleton using the F-actindepolymerizing agent Latrunculin B, a treatment that inhibits Cl 2 efflux in both HBE cells and CFBE/sNHERF1 cells, resulted in a significant reduction of the subcortical cAMP signal and in the associated local PKA activity. It is interesting to note that, although HBE cells have comparable amounts of PKA in the cytosol and at the plasma membrane, the activity of PKA is higher at the plasma membrane, presumably as a consequence of the higher cAMP concentration present in the sub-plasmamembrane compartment than in the cytosol. Therefore, it appears that the local cAMP concentration, rather than the absolute PKA content, determines the level of PKA activity in the two compartments.
The extent to which the alterations in the compartmentalization of cAMP and PKA observed in CFBE cells represent a generalized defect of human CF epithelial cells remains to be established. However, we found that genetic knockdown of CFTR in HBE cells results in an altered compartmentalization of cAMP and that altered compartmentalization of cAMP is rescued in CFBE cells by overexpression of wt CFTR. Altogether, these data indicate that altered local control of cAMP and PKA activity is not a peculiar feature of CFBE cells and that our findings might have a more general relevance in the physiopathology of cystic fibrosis. In addition, the present findings are relevant because CFBE cells are currently used by a number of laboratories to study DF508CFTR biogenesis and activity, as well as to test the effectiveness of small molecules selected as 'correctors' of CFTR misprocessing in high-throughput screenings (Galietta et al., 2001) . The effectiveness of pharmacological correctors appears to be highly dependent on the cell background on which they are assayed (Pedemonte et al., 2010; Rowe et al., 2010) and a number of these molecules do not restore cAMP-mediated activation in CFBE cells despite their ability to stabilize DF508CFTR at the plasma membrane (Pedemonte et al., 2005; Rowe et al., 2010) . The results presented here provide a possible rationale for such findings and indicate that in selecting pre-clinical models for screening compounds with corrector properties the integrity of the subcortical cAMP-PKA signal transduction apparatus should be taken into account as this might impact the ability of the small molecules to affect CFTR function. In this respect, it is interesting to note that a number of correctors identified in primary screenings using cell lines overexpressing DF508CFTR have been found to perform poorly when tested in primary airway epithelial cells (Pedemonte et al., 2010) and limited rescue of CFTR activity has been reported in clinical trials (McCarty et al., 2002; Rubenstein and Zeitlin, 1998) .
PDEs have been shown to play a key role in the spatial control of cAMP-PKA signalling in a number of cell systems, including airway epithelial cells, where both PDE3 (Penmatsa et al., 2010) and PDE4 have been suggested to contribute to the local modulation of cAMP levels that control CFTR activity (Barnes et al., 2005) . Although PDE activity has been shown to be sufficient to restrict cAMP diffusion to defined subcellular compartments in certain cell types (Oliveira et al., 2010; Terrin et al., 2006) , it has been argued that the densely packed subcortical cytoskeleton might constitute an efficient barrier to cAMP diffusion and promote compartmentalized cAMP and PKA signals by allowing cAMP to accumulate locally to a level sufficient to activate PKA, while preventing activation of PKA in the bulk cytosol (Rich et al., 2000) . Here we show that the actin cytoskeleton can indeed act as a diffusional barrier for cAMP and that PDEs, although involved in the control of local cAMP levels, do not seem to play a major role in the generation of the membrane-to-cytosol cAMP gradient in the cells used in this study. It will be important in the future to verify these results in primary human epithelial cells.
With respect to the CF phenotype, our studies show that the altered cytoskeletal organization in CFBE cells results in reduced levels of the second messenger in the subcortical compartment and excessive accumulation of cAMP in the cytosol, and it is interesting to consider that the consequence of such disrupted compartmentalization may be twofold. On the one hand, low subcortical cAMP might contribute to the deficient regulation of Cl 2 efflux; on the other hand, excessive cytosolic cAMP might also have deleterious effects, including increased activation of the pro-inflammatory transcription factor NF-kB (Zhong et al., 1998) . In this respect, many studies have found that CF airway epithelial cells have constitutively active NF-kB (reviewed by Machen, 2006) , a feature that has been linked to the hyperinflammatory phenotype observed in CF (Konstan and Davis, 2002) .
Materials and Methods

Cell culture
The experiments were performed with human bronchiolar epithelial cell lines: 16HBE14o-, expressing wild-type CFTR; CFBE41o-derived from a cystic fibrosis patient, homozygous for the DF508 allele (DF508/DF508); CFBE/wtCFTR, CFBE41o-cells stably transfected with wt CFTR protein (generous gift from Dieter Gruenert, University of California at San Francisco, CA); and CFBE/ sNHERF1, CFBE41o-cells stably transfected with full-length NHERF1 protein (Favia et al., 2010) . The cells were grown in Eagle's minimal essential medium (MEM) (EuroClone) supplemented with 10% fetal bovine serum (Gibco), Lglutamine, penicillin and streptomycin at 37˚C under 5% CO 2 and routinely grown in plastic flasks coated with an extracellular matrix containing fibronectin, collagen and bovine serum albumin.
F-actin content in adherent cells
Actin polymerization assay was performed as previously described (Clements et al., 2005; Favia et al., 2010) . Briefly, confluent cells, grown on coated 35 mm dishes, were fixed with 3.7% formaldehyde and permeabilized in 0.1% Triton X-100 in PBS. The cells were then incubated with 0.25 mM Phalloidin-TRITC in buffer containing 20 mM KH 2 PO 4 , 2 mM MgCl 2 , 5 mM EGTA and 10 mM PIPES (pH 6.8 with KOH) for 1 hour. Cells were incubated in methanol at 4˚C overnight to extract phalloidin linked to F-actin. After extraction, the cells were washed with PBS and a Bradford Coomassie Plus Protein Assay (Pierce) was performed to determine total cell protein content. Fluorescence emission at 565 nm on excitation at 540 nm was measured with a Cary Eclipse plate reader (Varian). Fluorescence emission values were normalized to protein levels for each sample.
Immunofluorescence and confocal analysis
Cell monolayers, grown on 0.4 mM pore size PET filter inserts (Falcon BectonDickinson Labware), were fixed in 3.7% paraformaldehyde and permeabilized in 0.1% Triton X-100 in PBS. The permeabilization was omitted for monolayers of cells stained for a plant lectin, wheatgerm agglutinin (WGA) TRITC conjugate (100 mg/ml) (Sigma), or stained with anti-CFTR (CF3, Abcam) mouse monoclonal antibody (dilution 1:500). To analyze the distribution of PKA, monolayers were incubated with anti-PKA RIIb (dilution 1:100) antibody (BD Transduction Laboratories) according to the manufacturer's protocol. Goat anti-mouse IgG conjugated to Alexa Fluor 488 (dilution 1:1000) was used as secondary antibody.
Monolayers were stained with 20 nM phalloidin-TRITC to visualize F-actin and then mounted onto slides with Prolong Gold antifade reagent with DAPI (Invitrogen) and examined with Leica TCS SP5 II microscope equipped with a laser-scanning confocal unit containing a He-Ne argon laser (Leica). Specimens were viewed through a Planapo 636/1.25 oil immersion objective and images were acquired in the horizontal (x-y) and in the vertical (x-z) planes by the LAS-AF Version 2.2.1 software.
Transfection
Cells were plated on 24 mm glass coverslips and at 70-80% confluence were transiently transfected with plasmid constructs encoding for the FRET sensor, using Myrus-LT1 trans-it transfection reagent according to the manufacturer's protocol. FRET imaging was conducted 24 hours later.
Transfection of siRNA targeting CFTR
At 70-80% confluence, 16HBE14o-cells were transiently transfected with siRNA targeting CFTR (ON-TARGET plus SMART pool CFTR; Dharmacon) or with scrambled siRNA (Dharmacon) as a control. Transfection was performed using DharmaFECT 4 siRNA Transfection Reagent (Dharmacon) according to the manufacturer's protocol and the experiments were conducted 72 hours later.
Measurements of cAMP levels and PKA activity by FRET FRET measurements were performed as described (Di Benedetto et al., 2008) . Changes in cAMP concentration using the cRII-ycat, mpcRII-ycat, H30 and mpH30 sensors were monitored by measuring CFP (480 nm)/YFP (545 nm) fluorescence emission values upon excitation of the transfected cells at 430 nm. PKA-mediated phosphorylation using AKAR3 and mpAKAR3 was monitored by measuring YFP (545 nm)/CFP (480 nm) fluorescence emission values upon excitation of the transfected cells at 430 nm. The ratio images are presented in intensity modulated display mode (IMD) and ratio intensity is displayed stretched between the low and high renormalization value, according to a temperature-based look-up table with red (hot) and blue (cold), indicating high and low values, respectively, of cAMP level or PKA activity (Fig. 3 and supplementary material Figs S2, S4).
Cells were imaged with a Nikon ECLIPSE TE 2000-S microscope equipped with a cooled CCD camera controlled by the Metafluor 4.6 software (Meta Imaging 4.6; Universal Imaging, Downingtown, PA). The set-up of the microscope and the filters used for dual emission imaging studies were previously described . FRET changes are expressed as DR/R 0 where R is the fluorescence emission intensity ratio at time t, R 0 is the value of this ratio at time 50 seconds and DR5R-R 0 . Optimised concentrations of forskolin where used with different reporters to match the different sensitivity of individual sensors to cAMP changes.
Cell fractionation
Fractionation was performed essentially as previously described (Favia et al., 2010 ). An aliquot of 10 mg of protein from each membrane, cytosolic and cytoskeleton fraction was separated by 9% Tris-HCl SDS-PAGE. The primary antibody used was anti-PKA RIIb monoclonal antibody (BD Tranduction Laboratories, dilution 1:1000). The secondary antibody was anti-mouse IgG (Sigma). Immunocomplexes were detected with ECL plus reagent (Amersham Biosciences) and densitometric quantification and image processing were carried out using Adobe Photoshop and the Image software package (version 1.61, National Institutes of Health, Bethesda, MD).
Fluorescence measurements of apical chloride efflux
Chloride efflux was measured using the Cl 2 -sensitive dye MQAE. Confluent cell monolayers, grown on permeable filters, were loaded overnight in culture medium containing 5 mM MQAE at 37˚C in a CO 2 incubator and then inserted into a perfusion chamber that allowed independent perfusion of apical and basolateral cell surfaces. Fluorescence was recorded with a Cary Eclipse Varian spectrofluorimeter. To measure chloride efflux rate across the apical membrane, the apical perfusion medium was changed to a medium in which chloride was substituted with iso-osmotic nitrate. All experiments were performed at 37˚C in HEPES-buffered bicarbonate-free media [Cl 2 medium 135 mM NaCl, 3 mM KCl, 1.8 mM CaCl 2 , 0.8 mM MgSO 4 , 20 mM HEPES, 1 mM KH 2 PO 4 , 11 mM glucose, and Cl 2 free-medium: 135 mM NaNO 3 , 3 mM KNO 3 , 0.8 mM MgSO 4 , 1 mM KH 2 PO 4 , 20 mM HEPES, 5 mM Ca(NO 3 ) 2 , 11 mM glucose]. The apical CFTR-dependent chloride secretion was measured as previously described . CFTR-dependent chloride secretion was calculated as the difference in the rate of change of Frsk plus IBMX-stimulated fluorescence in the absence or presence of apical treatment with the specific CFTR inhibitor, CFTR inh-172 (Ma et al., 2002; Taddei et al., 2004) .
Data analysis
Data are presented as mean ± s.e. for the number of samples indicated (n). Statistical comparisons were made using unpaired data Student's t-test. Differences were considered significant when P,0.05 (*P,0.05; **P,0.01; ***P,0.001). 
